In this study, miniature sampling devices consisting of a polymeric bag filled with organic solvent were exposed to an aqueous solution containing organochlorine pesticides in environmental relevant concentration. The relative amount of contaminant accumulated from the water column was compared with respect to the following chemical and physical properties of the contaminant: the relative molecular length, the degree of chlorination, and the Henry's law constant. The solvent/membrane systems accumulated contaminants to high levels and readily approached equilibrium fast. The polypropylene system was more universal in contaminant uptake. The membrane concentration factors (MCFs) calculated ranged from null to 1446 and were less than the biological concentration factors (BCFs) reported in literature due to the complex nature of biological systems. Dieldrin, the only oxygenated compound in the study did not follow a linear regression when the log MCF was plotted against the physical properties of the contaminant. The study showed a linear relationship of at least 4 orders of magnitude between the concentration of the contaminants accumulated by the devices and the original concentrations in the aqueous phase. The number of chlorine atoms, the molecules' relative molecular length, and Henry's law constant affect the equilibrium concentrations of the contaminant in the sampling device.
INTRODUCTION
Trace analysis of complex mixtures is a formidable problem in analytical chemistry because sample size is often limited and the composition of the matrix is usually unknown. Traditionally, the extent of environmental contamination has been assessed using biomonitors such as fish (Eadie et al., 1983) , birds (Byssche, 1981; Rocque and Winker, 2005) , benthic species (Skalski, 1982; Eadie et al., 1983; McKim et al., 1985; Tulp and Hutzinger, 1978) or zooplankton (Opperhulzen, 1985) . But several problems are associated with the use of these organisms as environmental monitors (Eadie et al., 1983, Tulp and Hutzinger, 1978; Sodergren, 1987) . To avoid these problems, direct water sampling has been used to assess water quality. Data derived from this technique is often of limited value (Derjagen and Churaev, 1961) , and background contamination of the adsorbent, system clogging, and limited application at remote sites due to the necessity of a power source to drive the sample and reagents pumps may be of concern (Lacorte et al., 1998) .
Passive water sampling devices offer a more dependable technique for the assessment of water quality. It simplifies monitoring contaminant levels in large bodies of water. However, the scope of its application is limited by biofouling and the slow equilibrium rate between the polymer film and the water column (Wennrich et al., 2003) .
In this study, miniature sampling devices consisting of a polymeric bag filled with organic solvent were developed. They were exposed to an aqueous solution containing organochlorine pesticides in environmental relevant concentration. To gain insight into the separation process, the relative amount of contaminant accumulated from the water column was calculated and compared with respect to various chemical and physical properties of the contaminant: the relative molecular length, the degree of chlorination, and the Henry's law constant that are related to the sampler's tendency to accumulate contaminants
MATERIALS AND METHODS Solvents
The solvents placed inside the sampling devices were reagent grade solvents obtained from J.T. Baker Chemical Co., Phillipsburg, NJ. They were used without further cleanup and included hexane, 2,2,4-trimethylpentane, methanol, toluene and methylene chloride.
Membranes
In all the studies, 0.004 gauge polymeric membranes were used. Polyethylene (PE) was obtained from Catalina Plastics and Coating Co. (Glendale, CA). Polyvinylchloride (PVC) was procured from Reynolds Metals Co. (Richmond, VA). Bordon Chemical Co; (North Andover, MA) provided polypropylene (PP).
To determine whether the membranes will stand exposure to the various solvents, 1.5 cm square pieces of membranes were glued to plastic tubing 0.9 mm in diameter with silicone glue made by Dow Corning. After drying for 24 hours, the tube were filled with various solvents and allowed to sit for ten minutes. The membranes were then examines for structural integrity.
Contaminants
Model contaminants used in the study were organochlorine pesticides: aldrin (1,2,3,4,10,10-hexachloro-1,4,4a,5,8,8ahexahydro-1,4-endo,exo-5,8-dimethanonaphthalene) , lindane (γ-hexachlorocyclohexane), dieldrin (1,2,3,4,10,10hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8aoctahydro-1,4,5,8-dimethanonaphthalene) , p,p'-DDE (1,1-dichloro-2,2-bis(4'-chlorophenyl)ethylene) purchased from Aldrich Chemical Company (Milwaukee, WI, USA). Contaminant levels ranged from water solubility limit (in preliminary studies) to environmental relevant concentrations as noted in Verschueren (1983) .
Exposure chambers
Miniature sampling devices produced by the MSU Scientific glassblowing laboratory allowed the exposure of various solvent/membrane combinations to aqueous solutions of pesticide. The glass devices had dimension of 5.9 cm by 2.0 cm and are illustrated in Figure 1 . Polymeric membranes were fastened to the bottom of miniaturesampling devices using silicone glue and 10 ml of solvent were added to the interior compartment. A 0.8 mm inner diameter septum sealed the top of the tube and allowed easy withdrawal of the samples. The area of the membrane affixed to the bottom of the device was 0.603 cm 2 .
The samplers were suspended from a polycarbonate lid using size six and seven stoppers and allowed to equilibrate for 13 days in the systems ( Figure 2 ). After, the contents were mixed using a large 10 ml syringe with a 15-cm long 20-gauge needle. 0.5-ml samples were collected from each miniature sampler using a 2-ml syringe affixed to the same needle at 6 and 12 hours, 1, 2, 4, 6, 8, 10, and 13 days. Upon completion of the studies, the miniature sampling devices could be withdrawn through the holes that held the stoppers.
The exposure chamber ( Figure 2 ) consisted of a 12-L glass tank. The system was stirred with a Talboy's stirrer. Two Beckam solution metering pumps, pumping at 1.5 ml/min., were used to pump the water solution through 1/8" stainless steel tubing into the incubation chamber. A formal scientific model 2132 water bath was used to maintain constant temperature.
Organochlorine compounds were added to the bulk water solution to obatin the following final concentrations: aldrin 0.174 ppb, lindane 0.081 ppb, DDE 6.02 ppb, dieldrin 0.463 ppb. Duplicate samplers consisting of a variety of solvent/membrane pairs were exposed to the solution up to 14 days. Additional samplers, serving as blanks, were exposed to distilled water for 14 days.
The concentration of the contaminants accumulated by the devices was determined by direct injection into a Perkin-Elmer 8500 gas chromatograph equipped with an open tubular column (0.25 mm ID., 60 m length) with DB-5 stationary phase (J&W Scientific, Folson, CA) and an electron capture detector.
RESULTS
The initial compatibility tests showed strong interaction between PVC and toluene or methylene chloride that led to the dissolution of PVC membrane. This may be due to solvent interactions that occured in regions on the membrane with different polarities (Cullen et al., 1994) . This phenomenon was predicted by Hildebrand solubility parameters. Theoretically, the closer the parameters of the membrane and solvent match up, the greater their degree of interaction. This promotes membrane swelling, reduces membrane crystallinity, and increases membrane permeability. All stable solvent/membrane combinations were used in subsequent studies to optimize the system In order to verify if there was a leaching of any plasticizer from the thin film into the content of the sampling devices, a sampling device (control) was exposed to distilled water for 14 days while the exposure of the organochlorine compounds was limited to 24 hours providing a worst case scenario. Figure  3 illustrates results from this analysis by gas chromatography. The top chromatogram, which resulted from the analysis of the contents of a polypropylene/2,2,4trimethylpentane sampler that was exposed to organochlorine compounds for one day, illustrated how readily the compound were accumulated. The result from the analysis of the blank, which was exposed to distilled water revealed the effect that extended incubation periods have on plasticizer introduction into the sample. As this figure illustrates, after 14 days of contact with the solvent, substantial amounts of polymerizing material were not leached into the sample. The only major contribution from the polymer was represented by the peak eluting at approximately 27 min. Further analysis by GC/MS indicated that this peak represented a phthalate ester plasticizer (m/e at 149). The presence of this phthalate ester did not interfere with the chromatographic determination of the xenobiotics.
Figures 4a to 6d illustrate the uptake patterns for various chlorinated contaminants as a function of time for individual solvent/membrane combinations. For all the combinations, the equilibrium was approached usually after three to four days.
To compare and quantitate the partitioning process, membrane concentration factors, analogous to bioconcentration factors, were calculated with the above formula:
The membrane concentration factor (MCFs) calculated ranged from null to 1446 and are listed in Table 1 . When the log MCF was plotted against the number of chlorine atoms, the relative molecular length and Henry's law constant of the contaminant, linear regression resulted (Figure 7 ). The number of chlorine atoms, the molecules' relative molecular length, and Henry's law constant affect the equilibrium concentrations of the contaminant in the sampling device. The outlying point in the graph of Henry's law constant represents dieldrin, the only oxygenated compound in the study.
Equation 2 of the flux through the membrane can be described by a first-order exchange constant that considers the thickness of the membrane and any stagnant layers on either side.
……(2)
Where Ø is the partition coefficient of the solute across the membrane; C s , the concentration in the solvent and C eq , the equilibrium constant. To determine the relationship between the contaminant concentrations in the aqueous and solvent phases, polypropylene/2,2,4trimethylpentane samplers were exposed to various concentrations of contaminants for 14 days in the flowing bath. A linear relationship between the concentration of the contaminants accumulated by the devices and the concentrations in the aqueous phase occured. These data are illustrated in Figure 8 . Linear regression data for these results are shown in Table 2 .
DISCUSSION
As shown by the figures, methanol, the only alcohol solvent accumulated organochlorine compounds differently compared to the hydrocarbon solvents: hexane and 2,2,4-trimethylpentane. For all the membranes, we observed that the uptake of DDE did not follow the same pattern as the other organochlorine compounds. This could be explained by the fact that dieldrin is the only oxygenated organochlorine compound. The study showed also that in most cases, the polypropylene/trimethylpentane system had the highest equilibrium constant. This is probably due to greater interaction between the 2,2,4-trimethylpentane and the longer propylene subunits, which reduced the crystalline properties of the polypropylene and increased its rubbery characteristics. Glassy membranes have a greater degree of selectivity, at least for molecules in the gas phase. Therefore, greater universality of uptake for the polypropylene system is not unexpected.
The MCFs calculated in this work are less than the BCFs reported in literature. Sodergen (1990) has observed the same phenomenon with contaminant uptake by hexane-filled dialysis bags. The complex nature of biological systems may explain the difference in the contaminant uptake by biota and by the sampling devices.
The BCF values are influenced by a multitude of factors such as species, sex, age, time in sexual cycle, and time of the year (Eadie, 1983) .
The relationships between contaminant concentrations in solvent and aqueous phases were linear to at least 4 orders of magnitude; elevated concentrations were not considered due to solubility limitations. Lower concentrations were not studied due to the minimum detectable amounts observable without using cleanup/preconcentration steps. Therefore the final concentrations obtained by the devices reflected the total mass in the system.
None of the molecular weights of pesticides, the Hildebrand solubility parameters of solvents and membranes, and their subtrahend, resulted in a correlation with the MCFs. Yet, when the log MCF was plotted against the number of chlorine atoms and the Henrys law constant of the contaminant, linear relation resulted. Here also, we observed the outlying point in the graph of Henry's law constant is represented by dieldrin, the only oxygenated compound in the study.
The number of chlorine atoms, the molecules' relative molecular length, and Henry's law constant affect the equilibrium concentrations of the contaminant in the sampling device.
Solution thermodynamics (Brey, 1978; Hermann, 1972; Soderlund et al., 2003; Llyod and Meluch, 1985) states that the analyte molecules are uniformly distributed in the bulk phase so the net intermolecular forces in a given molecule approach zero; When the contaminant molecules approach the thin film of water adjacent to the membrane surface, they encounter an imbalance of forces. The water molecules closest to the membrane are further apart and exhibit smaller forces of attraction for the analyte, creating a tendency for the contaminant to move back into the bulk phase. If kinetic energy is expended, the analyte molecule may enter the film. Once in the film, the analyte molecules move only laterally, instead of three dimensionally. It was postulated that this limited motion may be caused by an aqueous film that is a single layer in thickness (Hermann, 1972) . This lateral motion has the effect of exerting a twodimensional pressure on the surface of the aqueous film, and limits the tendency of other molecules to move into this film. Once molecules are in the film, they may diffuse through the membrane and into the solvent. Eventually, equilibrium will be established between the analyte molecules in the bulk aqueous phase, the aqueous film, and the solvent phases. Factors influencing the concentration of the analyte molecules in the aqueous film will concomitantly affect the equilibrium concentrations in the solvent inside the sampling devices. Hence, factors that influence the aqueous film concentrations of the analyte will affect the MCF.
As the chain length of the series of penetrant molecules is increased, the surface tension of the aqueous film is decreased (Soderlund et al., 2003; Llyod and Meluch, 1985) . Therefore, as the length of a molecule increases, a lower concentration is required to cause a given decrease in the surface tension. Therefore, the larger organochlorine molecules may have formed a more dilute solution in aqueous boundary layer, decreasing the equilibrium concentration inside the sampling devices. Hence, MCF decreased as molecular length increased. Another possible explanation for this relationship is that as length is increased, there is a greater probability that the analyte molecule will interact with hydrophobic regions on the membrane through dispersion forces (Llyod and Meluch, 1985) . Greater molecular length may increase size and limit negotiating through the pores of the membrane. However, previous studies (Stannett et al., 1979) using reverse osmosis systems containing ethyl acetate have shown that molecules exceeding the pore size easily passed through the membrane, possibly due to a fluctuation in pore size as function of time. Figure 8 also illustrates a relationship between Henry's law constant and the molecule's tendency to be accumulated by the devices. The data represent the values for all viable solvent/membrane combinations. The outlaying point in the graph corresponds to dieldrin, the only oxygenated compound in the study. If additional oxygenated compounds were examined, another series of data points is anticipated that would fall in the line with the value for dieldrin, the polarity of the oxygen atom limiting the membrane penetration.
If Henry's law constant (H) is defined as a partition coefficient between gas and liquid phases in dilute solutions, the following relationship between MCF and Henry's law constant can be developed.
Where: Cs and C w are the concentrations of the solute; f, the fugacity; and Z the fugacity factor in the solvent and water respectively. An increase in Henry's law constant should result in an enlarged membrane concentration factor (Stannett et al., 1979; Nakagawa at al., 1991; Stern and Frisch, 1981; Morgan and Lohmann, 2003) because both quantities are describing the molecules' tendency towards increased entropy. Therefore, for a homologous series of compounds, the tendency for molecules to escape from the film at water-air interface also reflects their ability to permeate the polymeric membrane.
Conclusion
Optimal membrane/solvent combinations include polypropylene, polyethylene and polyvinylchlorine sampling devices filled with three solvents: methanol, hexane and 2,2,4trimethylpentane. Equilibrium with the bulk aqueous concentration of contaminant is approached after approximately 4 days in the exposure system developed. Alterations in the contaminant levels in the water are reflected by changes in the concentration of the sampler contents; thus, the devices supply timeintegrated estimates of contaminants levels. The partitioning phenomenon observed in this study depended on the ability of the contaminant molecules to enter the thin aqueous film adjacent to the membrane. Factors influencing the concentration in this layer will affect concentrations in this sampler. Factors which affect membrane passage have not been quantified. Resistance to transfer, presumably in the membrane, acts to slow down solute uptake. Because the membranes used in these studies have a variety of functional groups on the polymer chains, and the same resistance to the transfer was observed with all membranes, passage may be hindered by dispersion forces between the xenobiotic and the membrane. Our results demonstrate that passive samplers are powerful tools for the sampling of organic contaminants in the environment.
